Objective: To determine the magnitude of potentially causal relationships among vascular risk factors (VRFs), large-artery atheromatous disease (LAD), and cerebral white matter hyperintensities (WMH) in 2 prospective cohorts.
White matter hyperintensities (WMH) are a major component of cerebral small-vessel disease (SVD) and substantially increase the risk of dementia, stroke, 1 and physical disability. 2 Despite this considerable clinical and societal impact, the causes of SVD and WMH are poorly understood. 3 WMH are associated with several common vascular risk factors (VRFs) offering potentially modifiable targets: hypertension, 4-9 diabetes, hypercholesterolemia, smoking, and possibly carotid stenosis. 10 Hypertension was associated with WMH progression [6] [7] [8] [9] ; better blood pressure (BP) control delayed WMH progression in observational studies 9 and in one randomized controlled trial (RCT). 11 However, there are anomalies: in larger RCTs, antihypertensive treatment did not prevent WMH progression, 12 intensive BP reduction did not prevent recurrent lacunar stroke, 13 and the associations between BP and WMH were often weak 14 or disappeared with correction for age and baseline WMH, both strong predictors of WMH progression. [15] [16] [17] Statins did not prevent WMH progression, 18 and dual (vs mono) antiplatelet therapy increased death in patients with lacunar stroke without preventing recurrence. 19, 20 These discrepancies question the strength of associations among VRFs, atheroma, and SVD, contrasting with the effectiveness of antihypertensive, antiplatelet drugs and statins in preventing atheromatous ischemic stroke. We hypothesized that if WMH mainly occur secondary to VRFs or are a "small-vessel" form of atheroma, then either of these or both should explain most WMH variance. We determined how much WMH variability was attributable to VRFs and/or large-artery atheromatous disease (LAD) in 2 cohorts.
METHODS The derivation cohort is the Lothian Birth Cohort 1936 (LBC1936), 21 community-dwelling older subjects born in 1936, now being studied to determine lifetime influences on aging.
The replication cohort is a prospective study of patients with recent nondisabling ischemic stroke, the Mild Stroke Study (MSS). 22 The LBC1936 subjects were aged 71 to 74 years (mean 72.5, SD 0.72) at assessment. The MSS patients were aged 34 to 95 years (mean 74, SD 11.62). In both groups, we obtained medical history, physiologic measurements, blood samples, brain MRI, and carotid Doppler ultrasound imaging (full details in references [21] [22] [23] .
We recorded hypertension, diabetes, hypercholesterolemia (all medically diagnosed and/or on relevant drugs), ischemic heart disease, peripheral vascular disease or other circulatory problems (all diagnosed by general practitioner or hospital doctor), and smoking (current vs stopped .1 year ago or never smoked). History of stroke was also collected in the LBC1936 cohort. All MSS participants had an index stroke (on clinical criteria and MRI with diffusion imaging 22 ) as a study entry criterion. In the LBC1936 cohort, we measured systolic and diastolic BP, each 3 times sitting and standing during a 4-hour Clinical Research Facility assessment. We also measured the following: ankle-brachial pressure index (ABPI), carotid intima-media thickness (IMT) in the common carotid artery and carotid bulb on both sides (mean of 3 measures by Framingham 24 and by manual caliper measurements), carotid flow velocities, maximum stenosis affecting the internal carotid artery/bulb/common carotid artery, 25 hemoglobin A1c (HbA1c), plasma total cholesterol and albumin, urinary albumin, microalbuminuria, and estimated glomerular filtration rate (eGFR). All measures were performed blinded to all other data. In the MSS subjects, we also performed echocardiography where clinically indicated and measured all of the above (including carotid Doppler ultrasound on the same scanner with the same operators) except ABPI, HbA1c, IMT, eGFR, microalbuminuria, and albumin, and only one BP reading was available, but we had more detailed history and medical examination.
All LBC1936 and MSS subjects underwent brain MRI on the same 1.5-tesla GE Signa Horizon HDx clinical scanner (General Electric, Milwaukee, WI) and had T1-, T2-, and T2*-weighted and fluid-attenuated inversion recovery axial whole-brain imaging. 22, 23 A neuroradiologist, trained in WMH rating, quantified the WMH on fluid-attenuated inversion recovery using the Fazekas score. 26 A second neuroradiologist cross-checked a random 20% of ratings, uncertain ratings, and cases with suspected infarct. In the LBC1936, we also measured WMH volumes in cubic millimeters using a validated multispectral image processing method (http://sourceforge.net/projects/bric1936/) that maps combinations of magnetic resonance sequences to the red-green color space for tissue segmentation. 23, 27 We checked all segmented images visually for accuracy blinded to all clinical details, manually removed any errors, and masked all imaging-detected infarcts to avoid confounding the WMH volumes. 28 Standard protocol approvals, registrations, and patient consents. Analytical approach. We used all available data, because the pattern of missing values was acceptably random (e.g., more LBC1936 subjects completed carotid than brain imaging). WMH were not associated with carotid disease on right or left sides separately so we combined sides. We used the average of sitting BPs after exploring multiple individual measures of systolic and diastolic and mean BPs at sitting and standing positions. We examined correlation matrices and excluded variables with no/low correlation from further analysis, e.g., eGFR and microalbuminuria. Where both variables were continuous, we used the Pearson correlation coefficient; dichotomous, we used tetrachoric correlation; and 1 dichotomous/1 continuous, we used biserial correlation. The p values for the latter 2 correlations were determined from their variance and standard error. 29 We used structural equation models to test the contribution of VRFs and LAD to the WMH burden. Such models are described using path diagrams, e.g., figures 1 and 2, where the square boxes represent measured observations, e.g., BP. Each circle represents a "latent construct," e.g., LAD or VRFs, that underlies a combination of correlated individual measured variables. Single-headed arrows represent simple regression relationships, and double-headed arrows represent correlations. In structural equation models, it is conventional to divide the modeling into 2 parts. Measurement models are used to check whether the variance shared by several measured variables constitutes an underlying latent trait. Structural models are used to test hypothesized relationships among latent and measured variables. Figure 1 shows measurement models for LAD and VRFs, where each circle represents an underlying latent construct that is a weighted combination of the correlated measured variables. Figure 2 shows structural models of relationships between these latent constructs of LAD, VRFs, and WMH. The models shown in figure 2, A and B, test the hypothesis that the association between LAD and WMH may be explained by common association with VRFs. Under this hypothesis, we expected the total association between LAD and WMH (figure 2A) to be reduced when VRFs were controlled in both variables ( figure 2B ). The models shown in figure 2, C and D, test the hypothesis that any direct relationship between VRFs and WMH (figure 2C) is mediated by LAD ( figure  2D ; details in appendix e-1 on the Neurology ® Web site at Neurology.org).
In the LBC1936, we grouped the measured variables into those that represented (1) VRFs, (2) LAD in the arteries supplying the brain, heart, or legs, and (3) WMH measures. VRFs included history variables (hypertension, diabetes, hypercholesterolemia, smoking) and measured variables (BP, HBA1c, and plasma cholesterol). LAD included history variables (ischemic heart disease, peripheral vascular disease, other circulatory problems) and measured variables (ABPI, carotid stenosis, and IMT; figure 1 ). 24 The variables were grouped based on medical knowledge, correlations, a scree plot of the principal components, and the exploratory factor analysis. 30 For WMH, because deep and periventricular WMH were highly correlated (r 5 0.53, p , 0.001), we combined them into a summed Fazekas score. We also tested WMH volume as a percent of intracranial volume and of brain parenchymal volume. The correlation between the 2 percentage WMH scores was 0.998, and between the Fazekas scores and each of the 2 percentage scores was 0.760 and 0.765. The Fazekas score was ordinal, and both percentage measures were continuous variables. Both were positively skewed and zero-inflated (less than 18% of the sample were zeros), and these measures were treated as censored from below at zero using Tobit regression. 
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We performed a similar analysis in the MSS cohort by testing groupings of VRF and LAD measured variables and WMH (figure e-1).
We used Mplus version 6.1 31 to fit the measurement and structural models of regression relationships between the variables simultaneously. We estimated model parameters by weighted least-squares and assessed the indirect effect in the mediation model (model D) using a bias-corrected bootstrapped confidence interval derived by Monte Carlo sampling. 32, 33 We controlled for sex in all variables but not age (adjusting for age had negligible effect and all subjects were of very similar ages, SD 5 0.71 years). We examined estimates of factor loadings (unstandardized, standardized, and squared multiple correlation coefficient) and several indices of model fit: the comparative fit index ($0.90 indicates acceptable fit), the root mean square error of approximation (,0.06 indicates acceptable fit), and the maximum modification index (indicates the degree of greatest local strain within the model in terms of a potential reduction in model x 2 ).
RESULTS Primary analysis. In the LBC1936, 861 subjects (415, 48% male) of mean age 72.5 years (SD 0.7, range 71-74 years) had full clinical assessment and carotid imaging; 681 subjects completed brain imaging and provided WMH scores and volumes. Of the 861, 422 (49%) had hypertension, 94 (11%) had diabetes, 248 (29%) had ischemic heart disease, the median carotid stenosis was 20%, and 33% had moderate or severe WMH scores (table  1) . Multivariate measurement models to derive the VRF and LAD latent variables (figure 1) indicate that all observed variables contributed significantly to the latent variable (p , 0.05) except for smoking (p 5 0.66), which nonetheless we included in the VRF model. The models all fitted the data well ( figure 1 ).
Structural models (figure 2) show the standardized estimates for WMH measured using Fazekas scores. Without accounting for VRFs (figure 2A), there was a small but reliable shared variance of approximately 4% and 6% between LAD and WMH, depending on which WMH measure was used (all 3 WMH measures were statistically significant; table 2). However, when VRFs were accounted for (figure 2B), the total association between LAD and WMH became smaller and nonsignificant with all 3 WMH measures (table 2) . Therefore, the small association between LAD and WMH seen in model A before VRFs were considered was mainly explained by VRFs acting through LAD. In addition, VRFs were a far stronger predictor of LAD than of WMH, accounting for approximately 70% of variation in LAD burden (standardized parameter weight 0.828) but less than 2% of variation in WMH (standardized parameter weight 0.111).
The mediation model (figure 2, C and D) indicates that the standardized total effect of VRFs (figure 2C, effect c in table e-1), explained no more than a small (2%) but significant variance in WMH. Exploring the effect of LAD as a mediating variable for VRFs ( figure 2D , appendix e-1, and table 1) did not explain the missing variance in WMH, instead emphasizing the presence of large influences on WMH that are not captured in history or concurrent measures of VRFs or LAD.
The magnitude of individual VRF contributions to WMH (table e-2, a and b) were all small; e.g., the largest individual contributions to WMH variance were hypertension (2.4%) and smoking (0.89%).
Replication in the stroke cohort. The MSS patients (n 5 257) had similar mean age although a wider range (74.2, SD 611.6 years, range 34-95 years) than the LBC1936, but more MSS patients were hypertensive (61%), smoked (57.4%), and had moderate to severe WMH scores (44.3% periventricular, 29.6% deep; table 1, figure e-1). A combined hierarchical factor analysis model showed that VRFs explained 35% of LAD variance (standardized parameter weight 0.594) but only 0.1% of WMH variance (standardized parameter weight 20.033), with hypertension again being the strongest individual factor.
DISCUSSION WMH are a huge health problem, doubling the risk of dementia and trebling the risk of stroke. We were surprised to find that although VRFs explained 70% of the burden of LAD and hypertension was the strongest single risk factor for WMH, all common VRFs combined failed to account for 98% of WMH. Furthermore, there was no direct association between LAD and WMH; any apparent association was through a coassociation with VRFs. We found the same results in 2 separate cohorts, one community-dwelling, the other with stroke, regardless of how WMH were assessed. The mediation model highlighted the absence of key factors to account for most of the WMH variance.
The proportion of subjects with hypertension in the LBC1936 (49%) was similar to the proportion in other similar aging studies, 34 and the proportion MSS patients (61%) was similar to stroke patients elsewhere (55%-66%). 34 Hypertension was the strongest risk factor for WMH in LBC1936, as in other observational studies. [6] [7] [8] [9] Consistent with our results, large increments in diastolic BP (e.g., 10 mm Hg above the mean baseline diastolic BP of 83 6 11 mm Hg) were associated with small differences in WMH in cross-sectional studies (e.g., 1.21% larger WMH volume) 4 ; large increments in systolic BP (20 mm Hg) were associated with small increases in WMH volume (2.5 mL) at follow-up. 8 The association between WMH and hypertension applied only to diastolic 5 or systolic BP, 8 indicating variation in strength of association. 35 Most studies adjusted for age, but not for baseline WMH, a strong predictor of WMH progression, 16, 36 although baseline adjustment should be handled cautiously because it may distort estimates of change in longitudinal studies. 37 Others also noted a lack of independent association between WMH and BP in patients with stroke. 15 The modest VRF effect is supported by RCTs. Antihypertensive treatment had no effect in the large PRoFESS (Prevention Regimen for Effectively Avoiding Second Strokes) MRI substudy (n 5 771) after an average of 28 months 12 : insufficient BP lowering was blamed for not preventing WMH progression, but the average systolic/diastolic BP reduction in PRoFESS (3.0/1.3 mm Hg) was identical to the systolic/diastolic BP increment (3.0/2.0 mm Hg) blamed for WMH progression over only 14 months of followup in a 584-patient observational cohort.
14 Intensive vs usual antihypertensive treatment did not significantly reduce recurrent lacunar stroke. 13 In RCTs of other VRF modifications that reduce adverse outcomes from LAD, statins had no effect in preventing WMH progression, 18 and dual vs mono antiplatelet therapy caused excess hemorrhage and death without reducing recurrent stroke in patients with lacunar stroke. 19, 20 However, data on lipids and WMH are lacking and should be addressed in further studies.
Our study strengths include the large sample (total n 5 1,118), a development (n 5 861) and replication (n 5 257) cohort, and robust statistics. The narrow age range of the LBC1936 subjects minimized the powerful confounding effect of age on WMH, LAD, and VRFs. The results were the same in the MSS patients whose ages spanned 6 decades and had more vascular disease. The LBC1936 subjects are all white Caucasian, minimizing any influence of ethnic differences on VRFs. We have no reason to think that our subjects are unrepresentative of other Caucasian cohorts (Scotland has one of the highest vascular disease rates in the world). A third of the LBC1936 and approximately 40% of MSS patients had moderate to severe WMH. We found the same results for WMH assessed by visual rating and volume. We carefully excluded infarcts from the WMH volume: inadvertent inclusion of infarcts in "WMH volume" may have inflated associations among VRFs, LAD, and WMH previously. 28 The study had limitations. We lacked continuous BP monitoring but used the average of 3 systolic and diastolic BP readings obtained over 4 hours at sitting positions by trained technicians. Most other studies of WMH and BP have not used continuous BP measures. Perhaps our subjects were too old: BP decreases between middle and old age 38 ; WMH may be more closely associated with long-standing elevated BP from middle age. 5 However, BP measured 3 years earlier at approximately age 69 was very similar; our "history of hypertension" captured prior hypertension and was the strongest risk factor. Age 72 is not particularly "old." The stroke cohort including much younger subjects produced the same result. Future studies could test other BP parameters. Adding other imaging markers of SVD might increase the sensitivity for detecting causal relationships. Some variables were missing but without evidence of bias and we used all available data. The high prevalence of peripheral vascular disease in the LBC1936 may represent overreporting but is counterbalanced by the objective measure of peripheral vascular disease with the ABPI and by the MSS where history and examination were very detailed and the same associations were found.
Our results suggest that WMH have a large "nonvascular" component. The remaining unexplained 98% of WMH variance will hinder advances in prevention of dementia, stroke, 1 and physical dependency 2 in aging. Treating hypertension and diabetes, lowering cholesterol, and stopping smoking are important. Lifestyles that minimize vascular risk should be encouraged. Other modifiable risk factors (e.g., vitamins), 39 dietary factors (e.g., salt), inflammation, and other nonvascular contributing mechanisms should be sought. 
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